Purpose Stromal-derived factor-1 alpha (SDF-1α) is a chemoattractant that has been investigated for treating various diseases, with the goal of recruiting endogenous stem cells to the site of injury. Biodegradable PLGA microspheres were investigated as a means to deliver SDF-1α in a sustainedrelease manner. Methods We encapsulated SDF-1α into biodegradable poly (lactide-co-glycolide) (PLGA) microspheres using a doubleemulsion solvent extraction/evaporation technique. We varied several formulation parameters, characterized the in vitro release profile of SDF-1α and the size and morphology of microspheres, and determined the bioactivity of the released SDF-1α of stimulating migration of mesenchymal stem cells (MSCs). Results We found that microspheres fabricated using endcapped PLGA, BSA as an excipient, and low solvent volumes yielded a high encapsulation efficiency (>64%) and released SDF-1α over a >50-day timeframe. The released SDF-1α was bioactive and caused significant migration of MSCs throughout the duration of release from the microspheres. Conclusions We have identified several variables that led to successful encapsulation of SDF-1α into PLGA microspheres. We envision that SDF-lα-loaded microspheres may serve as injectable sources of sustained-release chemokine for promoting the recruitment of endogenous stem cells to the site of injury.
INTRODUCTION
Stem cell therapy has come to the forefront as a promising method to treat a wide variety of medical conditions, including neural degeneration (1, 2) , lung diseases (3), chronic wounds (4), and ischemic heart diseases (5) . Benefits of stem cell therapy include direct increase in the density of the live cells in the injured area and improved survival and function of existing tissue due to stem cell-secreted factors.
Despite significant progress in the field, stem cell therapy has yet to deliver on its promise as a cure for these diseases. One major reason is that poor cell survival and engraftment after stem cell transplantation have been observed in many cases, such as with embryonic stem cells for Parkinson's disease (2) and bone marrow mononuclear cells for the treatment of myocardial infarction (MI) (6) . Of the stem cells implanted into the heart to treat tissue damage resulting from a heart attack, it is estimated that less than 10% are retained in the area where they are injected (7) . Moreover, once in the area of transplant, the surviving cells do not proliferate in sufficient numbers to produce therapeutic effects (2, 5) . Consequently, clinical studies in patients with cardiovascular diseases have shown that cellbased therapies are generally safe but do not show substantial efficacy in improving heart function (8) .
It has been realized that the transplanted cells do not receive adequate signals for proper retention, recruitment, and engraftment in the host tissue. One such signal is stromal-derived factor-1α (SDF-1α). SDF-1α is an 8-kDa protein that can induce mobilization of many cell types, including lymphocytes, monocytes, hematopoietic progenitor cells, and stem cells (9) (10) (11) . SDF-1α is thought to play a role in neo-angiogenesis and cardiogenesis (11) and is neuroprotective in cases of Parkinson's disease (12) . A recent review suggested that a strategy to improve the homing and engraftment of stem cells-and therefore efficacy of stem cell therapy -is to pre-treat the host tissue with a local injection of SDF-1α before the transplantation of stem cells (6) . Indeed, injection of SDF-1α has been shown to recruit stem cells to ischemic myocardium (13) (14) (15) .
Although direct injection of SDF-1α has shown some benefit in cell therapy, bolus injections of the molecule are transient and the effects short-lived. Consequently, various methods have been developed to prolong the persistence of SDF-1α at the site of injection. Different cell types, including skeletal myoblasts (16) , fibroblasts (13) , and MSCs (17) , have been engineered genetically to over-express SDF-1α and have shown to increase stem cell homing and improve cardiac function in animal models. Methods that enhance the in vivo lifetime of SDF-1α through inhibiting proteolysis of the molecule have also improved cardiac function after infarct (18, 19) . There may be drawbacks of these biological approaches, however. In particular, the methods involving genetic modification of cells could present a safety concern, since they can result in a permanent increase in SDF-1α expression. Regulating the duration of SDF-1α expression to meet the need of wound healing can also be challenging. Therefore, a biomaterialbased approach would be more desirable because SDF-1α could potentially be delivered in a sustained, transient, and controlled manner.
To our knowledge, only one study has used a biomaterial to deliver SDF-1α in a sustained manner. Zhang et al. (15) designed a PEGylated fibrin patch in which this chemokine was gradually released over a 10-day timeframe and was shown to recruit more stem cells than bolus doses. Because the natural compensatory mechanisms of the infarcted heart result in increased SDF-1α expression for 7 days post-MI (13), the 10-day timeframe would not be long enough to offer long-term improvements in cardiac function. Consequently, we sought to develop a biomaterial-based method that could deliver SDF-1α for longer than 10 days and also be deliverable by minimally invasive means (e.g., injection via a needle). We hypothesized that biodegradable microspheres could be designed for this purpose. While both PEGylated fibrin material (15) and microspheres are able to be delivered through a needle, the PEGylated fibrin must be injected before it sets up as a gel. On the contrary, there is no time constraint on microsphere delivery, which provides much convenience and flexibility to the surgeon.
The goal of our work was to fabricate a robust microsphere formulation that could offer long-term, sustained-release of SDF-1α, whose bioactivity could be preserved after encapsulation and release. We chose poly(lactide-co-glycolide) (PLGA) to fabricate microspheres because this polymer is biodegradable and already in use as a part of FDAapproved medical devices (20, 21) . We sought to investigate various microsphere fabrication parameters that would affect the release of SDF-1α, and characterized the morphology of the resulting formulations. Lastly, and most importantly, we set out to show that the bioactivity of SDF-1α could be preserved and could stimulate the migration of stem cells throughout the entire duration of release from the microspheres.
MATERIALS AND METHODS

Materials
Recombinant mouse stromal derived factor-1 alpha (SDF-1α) was purchased from R&D Systems (Minneapolis, MN). PLGA with ester end-groups was from Boehringer Ingelheim (Cat No. RG103; Ridgefield, CT). PLGA with free acid end-groups was from Lakeshore Biomaterials (Cat No. DLG4A; Birmingham, AL). All PLGA samples had the composition of 50:50 D,L-lactide:glycolide and M w of 53 kDa. Bovine serum albumin (BSA) and porcine gelatin (Type A) were purchased from Sigma (St. Louis, MO). TElactose consisted of 10 mM Tris-HCl, 1 mM EDTA, 300 mM α-lactose, pH 8.0. Polyvinyl alcohol (PVA) was obtained from Polysciences (MW 25,000; Warrington, PA). RPMI-1640 medium, fetal bovine serum (FBS), and Dulbecco's phosphate-buffered saline (DPBS) were purchased from Gibco Invitrogen (Carlsbad, CA); FBS was not heat-inactivated before use.
Fabrication of Microspheres
Microencapsulation of proteins was accomplished using the water-in oil-in water (W 1 /O/W 2 ) solvent extraction/evaporation technique; details of formulations are shown in Table I . PLGA (100 mg) was dissolved in dichloromethane (0.7 mL or 2.0 mL) and constituted the dispersed phase (DP). The internal aqueous phase (66.5 μL or 125 μL) consisted of TE-lactose with SDF-1α (2 μg or 0.002% w/ w), BSA (5 mg or 5% w/w), or a combination of the two proteins. This inner aqueous solution was added to the dissolved PLGA and sonicated for 10 s at 6-8 W (Fisher Scientific Sonic Dismembrator Model 100) to produce the first emulsion (W 1 /O). This first emulsion was then added to 25 mL of 5% PVA in H 2 O (the continuous phase, CP), and homogenized for 30 s at 4,700 rpm (Silverson L4RT) to produce the second (W 1 /O/W 2 ) emulsion. In order to increase the extraction of dichloromethane from the microsphere droplets, the W 1 /O/W 2 emulsion was subsequently poured into 50 mL of 1% PVA in H 2 O and stirred continuously for at least 2 h at room temperature. The solidified microspheres were then centrifuged, rinsed three times with distilled water (pH 8.0), and freeze-dried.
Characterization of Microspheres
Analysis of Microsphere Size
Microsphere size analysis was based on a method described by Xu et al. (22) . Lyophilized microspheres were suspended into DPBS and placed onto a glass slide. Using an Olympus IX70 microscope, images were obtained at either 20x (Formulations A, E, F, G) or 40x (Formulations B, C, D) magnification. Particle diameter was determined with ImageJ using the software's built-in analysis tool. At least 100 microspheres were measured for each formulation.
Determination of Encapsulation Efficiency
Dichloromethane (100 μL) was added to 3 mg of prepared microspheres to dissolve the polymer. The mixture was placed on an end-to-end mixer overnight at 4°C, then 100 μL of DPBS was added, and the samples were vigorously vortexed. The samples were centrifuged at 5,000×g for 10 min, and the top layer of DPBS was removed. The centrifugation extraction step was repeated with another 100 μL of DPBS, and the DPBS extraction samples were pooled. SDF-1α content of the extraction samples was determined by ELISA (R&D Systems). Encapsulation efficiency (EE) was calculated as the ratio of actual to theoretical SDF-1α content.
Characterization of the Release of SDF-1a from Microspheres
Microspheres (10 mg) were combined with 0.5 mL DPBS, pH 7.4 (Gibco, Carlsbad, CA). Samples were placed in a 37°C incubator with constant shaking (225 rpm). At each time point, samples were centrifuged (10 min at 450×g), and the entire volume of supernatant was removed and replaced with fresh DPBS. Samples were obtained once per day for the first week, then once a week thereafter. Release studies continued until microspheres were completely dissolved. The amount of SDF-1α in release samples was determined by ELISA (R&D Systems) and was expressed as the cumulative percent of the theoretical load of SDF-1α.
Stem Cell Migration Assay
Green fluorescent protein (GFP)-expressing porcine mesenchymal stem cells (MSCs) were provided by Dr. Jianyi Zhang (Department of Medicine, University of Minnesota). In brief, bone marrow of Yorkshire swine were aspirated and subjected to gradient density centrifugation, and the mononuclear layer was allowed to attach to fibronectincoated flasks; cells that were adherent at day 3 after plating were MSCs. Pluripotency of the MSCs was demonstrated by their ability to undergo osteoblast and chondroblast differentiation in vitro (23) . The MSCs were geneticallymodified to express GFP according to a method previously described (24) .
To maximize the migration capability of the cells, MSCs were incubated with 1 ng/mL TNFα (R&D Systems) in migration medium (MM; 0.25% BSA in RPMI-1640 medium) for 1 day before the start of the assay, according to Ponte et al. (25) . Migration assays were performed in 96-well HTS Transwell plates (8.0 μm pore size, polyester membrane; Corning, Lowell, MA); the filters were coated with 0.1% (w/v) porcine gelatin in DPBS for 1 h at 37°C before use. MSCs (7×10 4 cells) were added to each insert, and 235 μL of migration medium-containing controls, serial dilutions of SDF-1α, or microsphere release samples were placed in the bottom chambers. Positive and negative controls consisted of 30% FBS in MM and MM alone, respectively. Microsphere release samples from the first phase (termed "early release": generally, samples collected on day 1 or 2) were not deacidified prior to conducting the migration assay. Microsphere release samples from the second release phase (termed "late release": generally, samples released between days~35 and 60) were deacidified prior to subjecting to the migration assay using centrifugal filters (Amicon Ultra, 3000 MWCO; Millipore, Cork, Ireland). When possible, samples were diluted with MM to achieve the equivalent SDF-1α concentration as represented in the fresh SDF-1α dose-response. The SDF mass released from Formulation G microspheres at day 1 was fairly low and was concentrated using the Amicon Ultra centrifugal filters; the highest concentration we were able to achieve was 22 ng/mL. The Transwell plate was placed overnight in a humidified incubator at 37°C and 5% CO 2 , and a cotton swab was used to wipe non-migrated MSCs from the upper side of the filter. The cells that had migrated to the bottom side of the filter were imaged using fluorescence microscopy (20x magnification) and enumerated. Representative images (n≥3) were obtained and extrapolated to represent total number of migrated cells per insert.
Statistical Analysis
Data are shown as mean ± S.D. Statistical analyses were performed using the two-sample equal variance Student'sttest. A probability (p) value of <0.05 was deemed statistically significant.
RESULTS
Microsphere Fabrication and Release Studies
We sought to encapsulate SDF-1α into PLGA microspheres by using a double-emulsion solvent extraction/evaporation technique and investigated the effects of formulation variables of PLGA end-group, solvent volumes, the use of an excipient, and sonication temperature on the subsequent release of SDF-1α. Seven microsphere formulations were prepared as described in Table I . We chose a low feed mass of SDF-1α in our formulations, partially due to expense of the protein, but also because SDF-1α is a potent chemokine. Concentrations of SDF-1α studied in in vitro chemotaxis assays that can elicit statistically significant cell migration are commonly in the range of 1-200 ng/mL, depending on cell type (25) (26) (27) (28) .
Replicate batches of each formulation were made, and batches were made on different days. The release kinetics of all replicates batches of Formulation A are shown in Fig. 1a , and there is good consistency among the batches. One representative release profile of each of Formulations B-G is shown in Fig. 1b ; the other replicates of Formulations B-G had similar inter-batch release profiles. As expected, SDF-1α in release samples from empty microspheres (Formulation F) was not detected by ELISA and is not shown in Fig. 1 for clarity. The release curves exhibited a triphasic shape characteristic of PLGA (29): a high initial burst (days 1-2), followed by a plateau where little protein was released (~days 5-30), followed by second release period that was due to bulk degradation of the polymer (after~day 35). Of all formulations made, Formulation A released the highest cumulative percent of SDF-1α (64-87%, depending on batch). Formulations B and G released a moderate amount of SDF-1α (~30% and~40%, respectively), while Formulations C-E released very little SDF-1α (less than 2%). As exemplified by the release curves of Formulation A, the low batch-to-batch variability indicates that our microsphere fabrication process is robust and reproducible. SDF-1α was released over a time period of more than 50 days for Formulations A, B, and G. The amount of SDF-1α in release samples was determined by ELISA and is expressed as the cumulative percent of the feed mass of SDF-1α loaded during microsphere fabrication. Details of microsphere formulations are shown in Table I Encapsulation Efficiency Encapsulation efficiency (EE) was determined by dichloromethane/DPBS extraction, then assessment of the extracts by ELISA. When compared to the release curves shown in Fig. 1 , the measured EE values were much less than the total cumulative amount of SDF-1α released. For example, although EE analysis determined that only 9% of SDF-1α was loaded into the Formulation A microspheres, the release curve shows that almost 90% of the theoretical loading was released by the time the microspheres were completely degraded.
We attempted to perform complete microsphere digestion by other means, both by a mild acid/surfactant method and by a strong acid method, with subsequent protein determination by the TNBSA assay (Pierce, Rockford, IL) for amino groups. We were not able to detect SDF-1α in the microsphere degradation samples using these polymer dissolution methods because the amount of protein released was below the detection limit of the assay. We note that detection of SDF-1α by ELISA after acid digestion would not be possible due to complete degradation of SDF-1α into individual amino acids.
Microsphere Sizing and Morphology
We chose to determine microsphere size and morphology using optical microscopy in order to observe the microspheres in their hydrated state. Brightfield optical images of microspheres from the different fabrication processes are shown in Fig. 2 . Formulations A and F yielded microsphere populations that showed heterogeneous opacity, i.e. a mixture of dark microspheres and translucent microspheres. In contrast, Formulations C-E yielded microsphere populations of homogeneous opacity, where the entire population was either dark or translucent. Formulation G produced microspheres that appeared to have a dense "shell" layer at the outer surface and an inner translucent "core." Formulations B, C, and D appeared noticeably rougher and more porous than the rest of the formulations.
The values of average diameter for all microsphere formulations are listed in Table I . There were wide distributions in particle size within each formulation preparation, as shown visually and graphically in Figs. 2 and 3 , respectively. Formulation A yielded the largest microspheres (22.5±8.2 μm); Formulations C and D were the smallest (average of~5 μm). The rest of the microsphere formulations (Formulations B, E, F, and G) had diameters in the mid-range (~10-17 μm).
Bioactivity of Released SDF-1α
The ideal in vitro experiment to test the bioactivity of the chemokine-encapsulating microspheres would be to expose cells to microspheres for the entire time duration of microsphere degradation. However, cells would not be allowed to be in culture undisturbed for the~70 days that it would take for the microspheres to completely degrade. Therefore, we exposed cells to release samples from different time points, from either early in the degradation process (the initial burst phase, collected at day 1) or late in the degradation process (the second release phase, collected ≥day 35).
Before testing release samples, we first conducted an investigation of the control conditions to ensure that the stem cells were chemoattractant-responsive. Following a method reported in the literature (25), we used a Transwell migration assay to test the bioactivity of the released SDF-1α released from the microspheres. In this assay, cells were placed in the upper chamber of the plate, and test samples were placed into the bottom chamber of the plate. If bioactive, the SDF-1α should cause chemotaxis of MSCs from the upper chamber to the lower chamber. At the end of the migration period, non-migrated cells were removed from the upper chamber by wiping with a cotton swab.
According to Ponte et al., pre-stimulation with a proinflammatory molecule, tumor necrosis factor-alpha (TNFα), will elicit a heightened migratory response in MSCs (25) . We tested this concept by exposing the MSCs to test samples, with or without pre-treatment with 1 ng/ mL TNFα. Test samples consisted of positive and negative controls (30% FBS in MM or MM only, respectively) and different concentrations of SDF-1α. We found that regardless of whether the MSCs were left unstimulated or subjected to TNFα stimulation, many cells migrated in response to the positive control, appeared healthy, and were spindle-like in shape (Figs. 4a and b, respectively) ; furthermore, there was no difference in cell morphology between unstimulated and TNFα-stimulated cells. Few cells migrated to the negative control, regardless of the absence or presence of TNFα ( Fig. 4c and d, respectively) . Because SDF-1α samples were diluted into migration medium that did not contain serum, the cells subjected to these conditions were round in shape (Fig. 4e and f) ; however, the cells were alive since they expressed GFP and fluoresced green. Cells migrated to the source of SDF-1α in a dosedependent manner (Fig. 5) ; it can be observed that for each concentration of SDF-1α, MSCs migrated in greater numbers when pre-stimulated with TNFα than when left unstimulated.
Since we observed increased migration of the MSCs after TNFα stimulation, we chose to pre-treat the cells with this molecule for all subsequent studies. Due to inherent differences in biological activity with every experiment, we included the testing of different concentrations of SDF-1α alongside the negative and positive controls for every assay. We chose to focus on testing the release samples from Formulations A, G, and F in order to determine if sonication on ice would show differences in the protection of SDF-1α bioactivity.
MSCs that were exposed to SDF-1α release samples from Formulation A microspheres are shown in Fig. 6 ; representative fluorescence images are shown before removing the non-migrated cells from the top of the Transwell insert. "Early release" samples did not appear to cause cell death, as evidenced by bright, green cells shown in Fig. 6a . However, when MSCs were exposed to samples from the second release phase ("late release"), no green cells were observed, suggesting that the samples were cytotoxic (Fig. 6b) . When PLGA degrades, it breaks down into its monomeric or oligomeric components of lactic and glycolic acids, so we attempted to deacidify the microsphere release samples prior to exposure to the cells. As can be observed in Fig. 6c , the MSCs exposed to deacidified "late release" SDF-1α microsphere samples were bright green, showing that the samples were properly neutralized.
The quantitative results of a representative migration experiment are shown in Fig. 7 . The positive control induced the migration of a great number of MSCs, which showed that the cells were responsive to chemoattractant agents. Because of the acidic nature of the "late release" microsphere degradation samples, all samples from that timeframe were deacidified prior to placing into the migration assay. When compared to the negative control (no SDF-1α), all SDF-containing release samples yielded statistically significant MSC migration (Fig. 7) . Because the PLGA degradation products might affect cell migration, we also compared the migration results to release samples from empty microspheres and showed that when matched for collection time point (i.e., day 1 release samples compared to each other, and day 51/56 release samples compared to each other), we show that all Formulation A (sonicated at room temperature) release samples caused significant cell migration compared to empty microsphere samples (Formulation F). For the ice-sonicated microspheres (Formulation G), the release sample collected at day 1 yielded a significant increase in MSC migration versus the release sample from empty microspheres, but this significance was not observed when comparing release samples from late time points. As a whole, it appeared that the release samples collected early in the microsphere degradation Table I process (at day 1) were more potent chemoattractants than late time point (day 51/56) release samples.
DISCUSSION
Biodegradable microspheres are able to deliver bioactive molecules in a sustained-release fashion. SDF-1α is a chemokine that has been shown to recruit endogenous stem cells and has not yet been encapsulated into microspheres prior to this work. We investigated the use of PLGA to fabricate microspheres and to encapsulate SDF-1α using the double-emulsion solvent extraction/evaporation technique. This method is generally safe for proteins, although the maintenance of protein stability is dependent on the interplay of the processing parameters and the chosen protein (30) .
Our microspheres (Formulations A, B, G) released SDF-1α for more than 50 days, which was much longer than the release duration previously reported for this molecule. Only one other biomaterial-mediated delivery of SDF-1α has been reported in the literature, which showed that a PEGylated fibrin gel was able to deliver this molecule over a 10-day period (15) . It is quite certain that ten days of SDF-1 release will not be long enough to elicit a lasting and Fig. 4 Representative fluorescence microscopy images of the migration of GFP-expressing porcine MSCs to control samples. Cells remained in growth media (a, c, e; "unstimulated") or were incubated with 1 ng/mL TNFα (b, d, f; "pre-stim") overnight prior to testing in the migration assay. Positive and negative controls were 30% FBS in migration medium (MM) and MM only, respectively; SDF-1α concentration was 62.5 ng/mL. Images were captured after wiping the nonmigrated cells from the top surface of the insert with a cotton swab. Scale bar=100 μm.
Magnification, 20x
beneficial degree of cell migration in a disease such as myocardial infarction, because the infarcted heart itself over-expresses SDF-1α for 1 week after injury (13) . The ideal duration of SDF-1α signaling is not known at this point but is likely dependent on the healing process of the injured heart, which will take at least weeks and months in animals and humans. Therefore, our microsphere formulations capable of releasing bioactive SDF-1α for over 50 days may provide clinical benefit to heart attack patients by prolonging the duration of SDF-1α at the site of injection.
Several microsphere fabrication variables were investigated and were observed to have profound effects on the release of SDF-1α. Formulations C and D were made with PLGA that had ester end-groups ("capped"); all other formulations (A-B, E-G) were made with PLGA that had carboxylic acid end-groups ("uncapped"). The capped PLGA is more hydrophobic than the uncapped PLGA and is therefore more resistant to degradation by hydrolysis. It has also been proposed that the carboxylic acid group of uncapped PLGA may interact with proteins; therefore, the protein is better entrapped within the microspheres (31) . Lastly, because the upcapped PLGA is more hydrophilic, it is less soluble in organic solvent than capped PLGA and will precipitate more quickly during solvent extraction. As a result, the microspheres made from uncapped PLGA might have solidified more quickly than the capped PLGA, trapping the protein within a less porous polymer shell (32) . Because release studies continued until microspheres were completely degraded, the lack of measurable release from Formulations C and D (less than 1% of feed; Fig. 1b) suggest that SDF-1α was not efficiently encapsulated during microsphere fabrication.
The effect of solvent volume on protein release rate can be seen by comparing Formulations A and B. We dissolved 100 mg of PLGA into either 0.7 or 2.0 mL of dichloromethane, which produced an oil phase (O) of two different polymer concentrations. When highly concentrated, the polymer precipitates quickly upon contact with the water phase (W 1 ), yielding a dense polymer barrier that prevents protein from diffusing out of the microspheres before they are fully formed. This increases the amount of protein retained inside of the microspheres (that is, it should improve encapsulation efficiency). Highly concentrated polymer solutions are also more viscous, which also prevents protein diffusion out of the microspheres before they are fully solidified. Lastly, the dispersed phase/ continuous phase (DP/CP) ratio of Formulation A (1/36) is lower than that for Formulation B (1/13), which induces fast solidification of the microspheres. All of these aspects have been shown to improve encapsulation efficiency (32) , which therefore can translate to more protein available for release.
Although both Formulations A and E were fabricated with the same feed mass of SDF-1α (2 μg per 100 mg PLGA), Formulation A included BSA as an excipient, and it can be seen in Fig. 1 that there was dramatically more SDF-1α released from this set of microspheres than that released from Formulation E, which were fabricated without BSA. BSA has frequently been used as a carrier protein to provide stabilization to the payload protein (29) . Co-encapsulation with BSA may also prevent exposure of SDF-1α to organic solvent which helps preserve the integrity of the protein (33) . A third possible explanation is due to charge-charge interaction between the two proteins: BSA has a net negative charge at physiological pH (34) which may interact with the cluster of positive charges in the central β-sheet region of the SDF-1α molecule (35) and may thereby provide protection for SDF-1α. Lastly, the incorporation of BSA increases the concentration of hydrophilic components within the microsphere; when more water can gain access into the microsphere, more protein can diffuse out.
We investigated the sonication temperature of the first W 1 /O emulsion on the release of SDF-1α (Formulations A versus G). As can be seen in Fig. 1 , reducing the sonication Fig. 6 Representative fluorescence microscopy images of the migration of GFP-expressing porcine MSCs to release samples from Formulation A microspheres. Cells are shown at day 1 after adding cells to the top of the Transwell inserts. Images were captured before wiping the non-migrated cells from the top surface of the insert with a cotton swab. Microsphere release samples were collected from either the "early release" phase (a) or the "late release" phase (b, c). Cells were subjected to "late release" samples that were either not de-acidified (b) or de-acidified (c). Scale bar=100 μm. Magnification, 20x temperature reduced the total cumulative release of SDF-1α. We were not able to find any extensive investigations of this variable in the literature; in fact, a recent review plainly states that not much is known about how this parameter would affect the microspheres or the encapsulated proteins (29) . One report was found in which a so-called "cryopreparation" method has been described for encapsulating plasmid DNA (36) . In the cryopreparation method, the first emulsion (W 1 /O) was frozen in liquid nitrogen before homogenization with the outer aqueous phase (W 2 ). The freezing step was shown to drastically improve encapsulation efficiency, most likely by preventing the diffusion of the DNA contents from the inner aqueous phase. In our preparation of Formulation G microspheres, the W 1 /O emulsion was performed on ice; this should also increase viscosity and decrease protein diffusion. However, we did not observe any increase in SDF-1α encapsulation and release.
We found it difficult to obtain an accurate determination of the encapsulation efficiency of SDF-1α into our formulations of microspheres. We used the dichloromethane/DPBS extraction method: the polymer was dissolved in organic solvent, and when mixed with DPBS, the watersoluble protein should partition into the aqueous DPBS phase. Detection of the extracted SDF-1α by ELISA is very sensitive and can detect analyte in concentrations as low as 150 pg/mL. But despite the high sensitivity of the ELISA, we measured very low amounts of encapsulated SDF-1α in the microsphere digest samples. There are several reasons that may explain this discrepancy. First, there may have been incomplete dissolution of the PLGA in the mixed solvent, so the SDF-1α protein was trapped within the polymer and could not be assayed. Uncapped PLGA is more hydrophilic than capped PLGA due to the presence of carboxylic acid groups and may not have been completely dissolved in the solvent. Second, the protein may have been trapped at the dichloromethane/DPBS interface and was not able to be retrieved. The three-dimensional structure of SDF-1α reveals that the C-terminus is an amphiphilic α-helix (35); therefore, it seems plausible that this molecule could be preferentially found at the hydrophobic/hydrophilic dichloromethane/DPBS interface. Lastly, the SDF-1α protein may have been denatured by the solvent used in the extraction procedure and, therefore, was not recognized by the anti-SDF-1α antibody of the ELISA. For these reasons, we believe that the results of the cumulative release study (Fig. 1) reflect the true encapsulation efficiency more accurately than the assay of the samples from the solvent extraction method.
We observed a wide size distribution of microspheres, which has also been observed by others that have used the double emulsion technique to fabricate PLGA microspheres (37, 38) . Varying the solvent volume used in the manufacturing process appeared to have caused the largest difference in porosity and size (Figs. 2 and 3 ). Formulation B, C, and D microspheres were noticeably more porous and smaller than the other microsphere formulations. As already mentioned above, microspheres made with a high DP/CP ratio (such as Formulation B) will solidify slower than those at low DP/CP ratio. Therefore, in addition to lowering encapsulation efficiency, slower solidification typically results in more porous, irregular microsphere structures and smaller particles (32) , just as observed with Formulations B, C, and D.
Furthermore, if the variable of solvent volumes was kept constant, we observed that microspheres made with the capped PLGA (Formulations C and D) were much smaller (roughly half the diameter) than microspheres made with uncapped PLGA (Formulation B). The ester end-groups of PLGA are more hydrophobic, and the polymer is more soluble in dichloromethane than the uncapped polymer, so solvent extraction is slower. As a result, nascent microspheres made of PLGA with ester end-groups have more time to solidify and will produce smaller particles (32) . Pair-wise comparisons of the fabrication parameters do not easily explain which ones were responsible for the differences in opacity of the microspheres. For example, a comparison of Formulation A (which contain both SDF-1α and BSA) and Formulation E (which contain only SDF-1α) may cause one to draw the conclusion that the encapsulation of both proteins would yield a heterogeneously opaque population of microspheres, whereas the encapsulation of only one protein produces a homogeneous batch of microspheres. However, a further comparison to the heterogeneous population of Formulation F microspheres (which contained neither protein) makes this conclusion invalid. It has been reported that microspheres fabricated with a higher W 1 /O ratio are uniformly dark, while those fabricated with a low W 1 /O ratio are uniformly translucent (39), but we did not observe this correlation from our samples. Furthermore, it does not appear that the opacity of the microspheres correlates with the SDF-1α release kinetics, which agrees with findings in the literature (39) .
When cells were pre-treated with TNFα, an increase in cell migration was measured. Ponte et al. (25) state that exposing the cells to chemokine alone may not be sufficient to cause cell migration and that inflammatory cues (such as TNFα) are important in recruiting cells to the area of injury. In fact, these results by us and others support the findings of in vivo studies where stem cell migration was enhanced in models of both heart (40) and brain injury (41) . It is also possible that low amounts of PLGA degradation products could be beneficial; the acidic conditions may stimulate inflammation, which, in turn, may recruit stem cells to the injured site.
The parabolic dose-response shape of the dose-response curve is characteristic of cell responses to chemoattractant (42) . Migration of the cells in response to chemokine is dependent on two factors: the absolute concentration of the molecule in the vicinity of the cell and the gradient of the chemokine across the length of the cell. At low concentrations, a sufficient concentration gradient does not exist along a cell's length, and the cell will therefore not move in response to the molecule. At high concentrations, however, a cell's chemokine receptors will be saturated so it will be unable to detect differences in chemokine levels, even if a sufficient gradient exists (43) .
Our concern that thermal and shear stresses might damage the SDF-1α protein is what had prompted the fabrication of Formulation G microspheres where sonication was performed on ice. In the cryopreparation method described earlier (36) , the first emulsion (W 1 /O) was frozen to a solid so shear forces were completely eliminated, and it was found that the structure of the contents (DNA) remained intact after encapsulation into the microspheres. In our case, however, it is not clear if the lower sonication temperature provided protection to the SDF-1α protein: release samples from Formulation G microspheres collected early in the degradation study yielded statistically significant MSC migration compared to empty (Formulation F) microspheres, but this observation did not hold with the release samples collected late in the degradation process. In summary, sonication of the primary emulsion on ice improved the bioactivity of SDF-1α released at early time-points but without much benefit at late time-points.
Most importantly, our results show that the SDF-1α released from microsphere Formulations A and G remained bioactive, regardless of when the molecule was released from the microspheres. In myocardial infarction, for example, it is important to recruit stem cells beyond the first week of injury. Therefore, it is crucial that the SDF-1α released later in the degradation timeframe remains bioactive and is able to induce the migration of stem cells to the site of injury.
CONCLUSIONS
We have shown that SDF-1α can be successfully encapsulated into PLGA microspheres. By varying manufacturing parameters, a variety of different formulations have been prepared that release the protein at different rates, including a formulation that can release SDF-1α over a period of at least 50 days. We have identified parameters that are important factors in the encapsulation and release of SDF-1α, namely, the use of PLGA with acid end-groups, low solvent volumes, BSA as an excipient, and sonication at room temperature. Most importantly, we have found that the SDF-1α released from the microspheres can stimulate the migration of stem cells, which shows that the encapsulation method preserves the bioactivity of the protein. Furthermore, the released SDF-1α has intact bioactivity whether it is released at an early or late time point in the microsphere degradation process. With further tuning of the release profile and in vivo evaluation, this approach has the potential of making clinically relevant impact on stem cell-mediated cardiac repair.
